Abstract: Three human malignancy cell lines were irradiated with 60 Co γ-rays. Initial chromatid breaks were measured by using the chemically induced premature chromosome condensation technique. Survival curves of cells exposed to gamma rays was linear-quadratic while the efficiency of Calyculin A in inducing PCC of G 2 PCC was about five times more than G 1 PCC. A dose-dependent increase in radiation-induced chromatid/isochromatid breaks was observed in G 1 and G 2 phase PCC and a nearly positive linear correlation was found between cell survival and chromatin breaks. This study implies that low LET radiation-induced chromatid/isochromatid breaks can potentially be used to predict the radiosensitivity of tumor cells either in in vitro experimentation or in in vivo clinical radiotherapy.
Introduction
Clinical methods for the treatment of malignant tumors include chemical-therapy, surgical excision and radiotherapy; with this latter technique often proving the most effective. Prior to radiotherapy treatment, a therapeutic regimen must be precisely defined and during this stage information on individual patient radiosensitivity would be of inordinate therapeutic benefit. There are many methods that can be used to predict radiosensitivity, but some problems are difficult to predict or avoid.
Several methods have been developed to measure cell radiosensitivity, for example the colony assay [1] [2] [3] [4] [5] and the cytoplasm-blocked micronuclei assay; however previous data has shown that these two methods are far from ideal. Briefly, the colony assay is the classic method for detecting radiosensitivity; the assay is precise but the formation for a clone takes at least 7 days. Conflicting views are held concerning the detection of cell radiosensitivity with the cytoplasm-blocked micronuclei method. Some scientists believe there is a good relationship between the radiation-induced micronuclei and cell radiosensitivity, however others do not agree [6, 7] . Consequently we decided to assess whether a quick and precise method for detecting tumor cell radiosensitivity could be developed.
Researchers have found that chromosome damage is the main cause of cell death following irradiation [8, 9] , thus a detailed evaluation of chromosome damage would be useful to predict tumor radiosensitivity. With the introduction of the premature chromosome condensation technique it is easy to study early radiation-induced chromosome damage [10] [11] [12] . In recent years the chemically induced premature chromosome condensation (PCC) technique has been effectively used to observe chromosome damage, in both and effective and precise manner [13] [14] [15] [16] , with the results obtained within a maximum of 24 hours. Many researchers have reported a linear dose response of PCC in various cell lines subject to irradiation by a range of radiations, such as X-rays, γ-rays, and heavy ions [5, 9, [15] [16] [17] [18] [19] [20] [21] [22] .
Previous studies regarding PCC mostly emphasized the G 2 phase of the cell cycle, with very little information concerning the G 1 phase, or the relationship between G 1 and G 2 phase, currently available. In this study, we employed a chemically induced technique with Calyculin-A to investigate the initial chromatid breaks in three kinds of human tumor cells condensed in the G 1 and G 2 phase after exposure to 60 Co γ-rays.
Material and methods

Cell culture
Human malignancy cells SMMC-7721 (hepatoma cell), BGC-823 (gastrinoma cells) and HeLa (cervix cancer cells), all of which displaying moderate radiosensitivity (purchased from the Chinese Center for Type Culture Collection (CCTCC)), were grown in RPMI-1640 (Gibco products, USA) medium supplemented with 10% fetal calf serum (Si Ji Qing Biological Product Company, China) at 37
• C in 5% CO 2 and 95% air atmosphere.
Irradiation
After 5 minutes Calyculin A (BIOMOL r , USA) was added to the cell culture media, followed by exposure to irradiation using γ-rays generated using a 60 Co source. This technique was performed using a relatively low dose rate 0.2 Gy/min, and was undertaken at the 1 st affiliated hospital of Lanzhou University. Eight dose points were investigated: 0, 0.5, 1, 2, 4, 6, 8, 10 Gy.
Colony assay
After exposure to radiation, cells were washed three times using PBS (pH 7.0), treated with trypsin (Sigma, USA), and placed in 5 ml of culture medium. Cell density was then determined using a light microscope. At each dose, 200, 400, and 600 cells were put into Φ 60 mm culture dishes, with 5 ml of RPMI-1640 medium supplemented with 10% fetal calf serum then added, followed by incubation at 37
• C in 5% CO 2 for 7-14 days to form clones. Each dose was analysed in duplicate and experiments were repeated three times. All data reported in the results section is the mean ± standard deviation. The data was fitted using Origin 7.0 (Original lab, USA).
Premature chromosome condensation and chromosome preparation
Calyculin A, used as the PCC inducer, was dissolved in 100% ethanol as a 1 mM stock solution. In order to induce chromatid breaks, 50 nM of calyculin-A was added to cell cultures 5 min before irradiation. Cells were incubated for a further 30 min at 37
• C in 5% CO 2 . The chromosome spread was harvested by swelling cells in 75 mM of KCl for 20 min at 37
• C before being fixed with Carnoy's fixative. A final wash and fixation were completed before placing the cells on a glass slide and drying at 37
• C and 85% relative humidity.
Cells were stained with 5% giemsa (5 ml original Giemsa solution was diluted with 47.5 ml 1/15 M Na 2 HPO 4 and 47.5 ml 1/15 M KH 2 PO 4 ) for 20 min. According to standard criteria [23] more than 40 G 2 -phase cells were scored for each dose level. Briefly, the chromatid discontinuity, misalignment of the region distal to the lesion, or a nonstained region longer than the chromatid width was considered as a chromatid break. An isochromatid break was considered as two breaks that occurred at the same position on each of two sister chromatids, i.e. a lesion through the two q arms or p arms of the chromosome was regarded as an isochromatid break. A total of 20 non-irradiated cells were examined, with very few spontaneous chromatid breaks observed. The mean number of chromatid breaks in non-irradiated cells was subtracted from the mean number observed in irradiated cells to provide the experimental data given in the results section. Figure 1 details the survival fraction, as a function of dose, of three kinds of cells after irradiation with γ-rays. The survival curves were linear quadratic; the equation was:
Results
Colony assay
α, β and R 2 values of three cell lines are given in Table 1 . 
G 2 /G 1 PCC inducing efficiency
Calyculin-A, an inhibitor of protein serine/threonine phosphatase, can induce PCC in different phases of the cell cycle [13, 24] , with G 2 phase condensed chromosomes commonly observed [25] . When 40 G 2 PCC cells were counted, there were between 1 and 8 G 1 PCC cells observed (see Table 2 ). Thus the average PCC inducing efficiency were approximately 16.25%, 8.75% and 6.25% for SMMC-7721, BGC-823 and HeLa cell lines, respectively, when comparing the G 1 and G 2 phases of cell cycle. Figure 2 is the PCC sample of SMMC-7721 cell after exposed to 0.5 Gy gamma radiations. Fig. 2 Prematurely condensed chromosome spread of SMMC-7721 cell exposed to 0.5 Gy gamma radiations. Arrows denot the chromatid-type breaks. Since a very low dose was absorbed, there were only few chromatid-type breaks and no isochromatid breaks observed. Figure 3 details the numbers of G 1 chromosome aberrations and G 2 chromatid-type breaks per cell as a function of dose. The number of G 1 chromosome aberrations and G 2 chromatid-type breaks were positively linear with dose. At the same dose point, the number of G 1 chromosome aberrations per cell was smaller than that of G 2 chromatid-type breaks. 3.4 Initial isochromatid-type breaks after irradiated with γ-rays in G 2 phase Figure 4 shows the number of G 2 isochromatid-type breaks per cell as a function of dose. The number of isochromatid breaks has a linear relationship with the dose.
3.5 The correlation between cell survival fractions and G 2 chromatid/isochromatid-type breaks Figure 4 represents the number of G 2 chromatid-type breaks and isochromatid-type breaks per cell as a function of the cell survival fraction. For chromatid-type breaks among the three cancer cell lines there was an exponential decay relationship between it and the cell survival fraction, while a linear correlation with cell survival fraction and isochromatidtype breaks was found. The correlation between cell survival fraction and chromatid/isochromatid breaks of three cancer cell lines exposed to gamma rays.
Discussion
Liver cancers are high malignancy tumors, with an increase incidence and clinical risk, particularly common in China at present. Until now radiotherapy is the most acceptable and effective therapeutic approach with low Linear energy transfer (LET) rays, such as X-ray, γ-ray, commonly used. Radiobiologists aim to develop an assay, or a combinative assay, to predict the radiation response of human cancers. Precise prediction of the response to radiation could provide a basis for selecting and designing clinical treatment programs. In the present study we selected hepatoma cell line SMMC-7721 and compared it with other cancer cell lines to provide a grounding for future clinical applications. Colony formation (CF) is currently regarded as the most precise method to detect radiosensitivity of different cells after exposure to radiation, however the technique takes anywhere from 7 to 14 days to complete. Despite this prolonged time-frame for completion this approach is widely accepted and used by scientists, as a result of its precision. When exposed to low LET radiations, cell survival curve was linear quadratic. Radiobiologists named it the linear quadratic model (LQ model), which can be described as:
Where S is the survival fraction, D the radiation dose, coefficient α and β represent the radiation killing contribution by a single or double hit. Commonly, cells with higher radiosensitivity possess lower survival fractions, with an especially sharp descent apparent in the linear region of the survival curve. For moderate and even low radiosensitive cells there is a slow descendence during the linear part of the survival curve. With the radiosensitivity increasing, α decreased and β increased. When β increased to 1, the survival curve became completely linear when the radiation type was heavy ions. The results of the present study were in agreement with the findings of previous studies.
Calyculin-A is a potential PCC inducer in all cell cycles, especially in the G 2 phase. Note that the G 1 or G 2 phases described in this present study are not in fact the real G 1 and G 2 phases of the cell cycle, but rather G 1 and G 2 phase-like, due to Calyculin A disturbing the normal cycle progress and making chromosomes prematurely condensed. Though in addition to the G 2 phase, Calyculin A can induce any cell cycle phase-like chromosome condensation, although these others are not easily counted and distinguished. In this study, PCC inducing efficiency of the G 2 phase was higher, which was in good agreement with other studies [12, 14, [26] [27] [28] .
A linear dose-response relationship was found when three cancer cell lines were exposed to 60 Co γ-rays in this study. This relationship has previously been proved in previous studies [29, 30] . Either in the G 1 or G 2 phase, the linearly increase of chromatid breaks was well correlated with the absorbed dose.
An increased production of chromatid breaks induced by X-ray irradiation has been reported by Durante et al. [31] , while an increased production of isochromatid breaks produced by exposure to X-rays was reported by Kawata et al. [15, 16] . In this study, with the increase of irradiation dosage the production of chromatid-type and isochromatidtype breaks linearly increased. Yet, the production increase of isochomatid-type breaks was smaller than that of chromatid-type one in the G 2 phase. Kawata et al. [16] have reported that after low LET irradiation, the chromatid-type breaks dominated, while for high LET rays, such as heavy ions, isochromatid-type breaks dominated; suggesting that most isochromatid breaks resulted from two separate breaks on sister chromatids induced by independent electron tracks. In the G 1 phase, chromatin was loose, but in the G 2 phase, because of chromosome reduplication and assemblage for mitosis, chromosomes were tightly condensed, so the probability of electron hits in G 2 phase was higher than that in G 1 phase. In this study, the production of chromosome aberrations in G 1 phase was significantly less than chromatid-type breaks in G 2 phase.
It is interesting that a different relationship was found between cell survival fractions and G 2 chromatid-type and isochromatid-type breaks. For the former an exponential decay curve was found, while for the latter a linear curve was achieved. Undoubtedly, these phenomena can be explained by the characteristic of gamma radiation. Gamma rays have low LET, which will induce damage to chromosomes at high dosages. Thus a sharp descent of the fitted curve of chromatid breaks and survival fraction at high dosages existed. However, due to the low LET, not every single gamma photon could penetrate both arms of the chromosome. Hence the relationship between cell survival fraction and isochromatid breaks was linear.
Conclusion
The chemically induced premature chromosome condensation technique can be potentially used to predict the radiosensitivity of cancer cells when exposed to low LET radiations.
